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Introduction
Spatial visualization is the mental representation and manipulation of 2D and 3D shapes. Skills in spatial visualization have been correlated to higher GPAs in math, engineering, computer programming, and science, yet it is is not formally part of traditional undergraduate curriculums. A single course that teaches spatial visualization skills was developed by Sorby 1 and has been shown to increase GPA and graduation rates in Science, Technology, Engineering, and Math (STEM) fields. Improving spatial visualization skills has been identified as a priority for increasing the percentage of women in STEM fields 2 , as well as other under-represented minorities. These priorities have led to the desire to increase the ease of teaching and learning spatial visualization. One approach is electronic learning, eLearning, which encompasses a wide range of computer use in education.
The spatial visualization courses that have been shown to be effective utilize a combination of multiple-choice questions and freehand sketching assignments 1 . Multiple-choice questions can be easily integrated into eLearning courses. However, freehand sketching of isometric and orthographic projections are quite different. Traditionally students sketch on paper, which are manually graded by the instructors, who then provide feedback the next time the students attend Page 26.1595.2 class. While it is possible to teach the multiple-choice questions without the sketching assignment, studies have shown that students see higher learning gains when sketching exercises are included 1 . Moreover, sketching is an important part of technical communication, teamwork, and creativity 3 . This paper describes an initiative to incorporate sketching exercises into an eLearning environment. The Spatial Visualization Trainer (SVT) App was developed initially for the iPad tablet with plans to expand to other platforms in the future. The App allows students to perform sketching exercises on a touchscreen. When a sketch is completed, a grading algorithm automatically grades the sketch and provides immediate feedback. The goal is to create a more engaging and more cost-effective spatial visualization training method.
The SVT App could ultimately be used in the classroom, independent learning, or a hybrid environment. While independent learning may provide the students with the maximum amount of flexibility and the lowest instructional costs, recent attempts with on-line learning have reported a low level of student engagement resulting in high drop out rates and poor student performance 4 . Accordingly, emphasis has been placed during SVT App development on increasing the level of student engagement. This paper describes the use of the SVT App with undergraduate engineering students. Student performance was measured with pre-and posttests, and a wide range of data was gathered on each assignment submitted. This data has been used to identify student engagement, perseverance in tackling problems, and effective learning approaches.
Spatial Visualization Trainer (SVT) App
Initially, the touch interface of the iPad that was introduced in 2010 was focused on menu navigation similar to the iPhone. However, the larger screen allowed for more content creation, and users began taking notes and drawing on tablet computers. Yet using touchscreens for content creation in an educational program is relatively new. The SVT App creates a platform for students to perform freehand sketching assignments. The App provides a grid in a small assignment window and a corresponding grid on a larger sketching window. Both the assignment and sketching windows have a designated starting dot and the user must draw their sketches such that the starting dots and the grid layouts match between the assignment and sketching window. The SVT App interface is simple with a single color pen tool and an eraser. Figure 1 shows both the assignment and sketching windows for an introductory exercise of drawing a cube.
One of the key features of the SVT app is the automated grading algorithm that provides immediate feedback to the user and relieves the teacher from monotonous grading. Therefore, the SVT App can be completed self-paced with minimal instructor supervision. Since the sketching assignments have a designated starting dot, there is a unique solution for each assignment. The grading algorithm determines if a user's sketch submission is the proper solution for the assignment within a designated tolerance. Once the user completes their sketch they press the "submit" button to have their work graded. If the sketch is correct, a "good job" message is displayed to the user who moves on to the next assignment. However, if an error is detected, the user has the option to try again or peek at the solution. With a peek, the user sees the solution temporarily highlighted in green, but the solution disappears when the user continues sketching. Each time a user submits a sketch, a file is sent to a server that includes a copy of the sketch, how many attempts were made, and if peeks occurred. The server that stores student Page 26.1595.3 work and scores is password protected and is accessible to only the teacher and researchers. Figure 2 shows an example of the automatic grading feature with a correct and incorrect sketch. While the use of touchscreens is new in spatial visualization training, the SVT App was able to leverage effective pencil and paper sketching exercises and tutorial software that were developed
Spatial Visualization Trainer
Spatial Visualization involves perception of 2 Dimensional (2D) and 3 Dimensional (3D) shapes. Improving your 3D spatial skills has been shown to lead to higher grades in math, science and engineering courses, and is linked to success in 84 careers. => Eraser => click to erase OR shake the whole iPad to erase all lines. Zoom and Pan=> pinch two fingers to zoom in or out. Move both fingers to pan.
Sketch Grading and Assignment Navigation
• When done with a sketch press "Submit." If your solution is correct you will move on to the next assignment, otherwise you will be asked to try again. Copies of your submitted assignments are sent to the Spatial Visualization server.
• Avoid logging out, since this will cause you to loose your place in the assignments. When taking a break from your work, just press the iPad home button to go to other Apps. by Sorby 1 through a limited 2-year trial agreement with the publisher, Cengage Learning. Multiple-choice questions from the workbook were also incorporated into the SVT App.
Course Implementation
A 1-unit pass/no pass spatial visualization course, MAE7, was offered in spring 2014 at the University of California, San Diego. To identify potential students for the course, the Purdue Spatial Visualization Test: Rotations (PSVT:R) was administered to introductory courses in mechanical and structural engineering majors earlier in the academic year. Students who scored below 70% on the 30 question standardized multiple-choice test were highly encouraged to enroll in the spatial visualization course. To fill the remaining space in the class, an email was sent to all freshmen, sophomores, and juniors in these two engineering majors informing them about the course. The course was nominally geared towards freshmen, but sophomores and juniors were included as a way to recruit transfer students. While the course did provide students with a unit of credit, it did not fulfill specific graduation requirements and the pass/no pass grade did not impact student GPA. Accordingly, the motivation for taking the class was based upon a desire for self-improvement. This study was reviewed and approved to be in compliance with federal regulations regarding the protection of human subjects (IRB project number 130252SX). Students who signed the IRB consent form also completed a survey about their experiences in the course.
The initial enrollment in MAE7 was 75 students, but not all students showed up for the first week and some dropped after the first class session. There were 58 students who attended during week 2, and of these students 54 (93%) stayed enrolled through the 10-week course. On the first and last day of the course the Purdue Spatial Visualization Test: Rotations (PSVT:R) was administered and the pre-and post-test scores were used as an indicator of student learning. Of the 54 students who completed the class, 2 missed either the pre-or post-test and thus where excluded from the analysis.
The class was split into four sections capped at 20 students each. Each section met once a week for a 3 hour time period, but during some weeks the class finished up to one hour early. The class followed the course outline provided on the ENGAGE Engineering website 5 consisting of 10 lessons. One lesson was performed each week during the 10-week quarter. At the beginning of each section the instructor reviewed the ENGAGE slides and showed examples on a whiteboard. In addition, for the first few weeks each class period started with a spatial visualization brainteaser as a warm up and to provide more interaction among the students in the class. After this introductory period, each student was given an iPad to work on for the rest of the class period. Students were also provided with Snap Cubes, which is a recommended practice used by ENGAGE 5 to help students visualize certain shapes from different perspectives. Low cost styluses were provided, but some students preferred using their fingers to draw on the iPads.
Following the introductory lecture, the students reviewed tutorial material using the Developing Spatial Thinking 6 software, which contains animations that allow students to visualize spatial visualization concepts like how an object changes as a shape is rotated about the x, y, or z axis, but does not contain specific assignments for students to complete. Once students completed the Developing Spatial Thinking tutorial for the week, they could begin working on sketching and multiple choice assignments provided via the SVT App using their iPads. These assignments Page 26.1595.5
came from Sorby's Developing Spatial Thinking Workbook 6 based on those recommended on the last slide of each ENGAGE 5 presentation. The one exception was for the lesson on orthographic projections, where only 11 assignments of the 24 recommended by ENGAGE were implemented in the SVT App due to a limitation in the ability to grade hidden lines (drawn as dashed lines). Additionally, sketching assignments from the Combining Solids chapter of Sorby's workbook where not implemented in the SVT App. For each lesson, the students first completed multiple-choice questions, and then completed sketching exercises. The lessons and assignments used were: During Lessons 3 and 4, a few mistakes were identified in the programmed sketching solutions, which led to incorrect grading of sketches. This led to a bit of student frustration, but by Lesson 5 these mistakes were corrected along with fixing a glitch in the data collection. Accordingly, the sketching assignments in Lessons 3 and 4 were excluded from the study analysis.
In all sketching assignments, students were allowed to try to solve the problem correctly as many times as they liked. However, they could only advance to the next assignment in the lesson after correctly performing the sketch. If a student ran out of time or decided to stop their work for the day, a progress bar would show the percent completion for each lesson.
At the beginning of the course, students were allowed to peek at the solution for any sketching assignment if they did not succeed on their first try. However, it was observed that some students were peeking after only minimal effort in solving the problem on their own. Accordingly, beginning with Lesson 5, the last two sketching assignments for each lesson were designated as "Assessment Assignments" and the peek option was disabled for these assignments. Students could attempt the Assessment Assignments as many times as they liked and would be alerted if their sketch was correct or incorrect, but they did not have ability to peek at the solution to see which parts of their sketch contained errors.
After the Flat Patterns lesson in week 6, the brainteaser provided at the beginning of class was replaced with a challenge to create a set of flat patterns that could be folded to create all 5 of the Tetromino shapes used in the Tetris TM video game. For the rest of the quarter, a competition was held to see who could most efficiently layout their flat pattern on a single sheet of grid paper, so that minimal paper would be wasted and the size of the folded objects would be maximized. The most efficient layout won the opportunity to have their pattern cut out of foamcore using a laser cutter during the last day of classes. All students passed the course.
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Results
Data was recorded every time a student submitted an answer for a multiple-choice or sketching assignment. In addition, for each sketching assignment, an image showing the submitted sketch was recorded as well as whether the student chose to use the peek option and what attempt number the submission correlated to. These detailed data were analyzed for the 52 students who took the pre-and post-tests. The students were categorized into three groups based on their pretest scores; a high group with scores over 90% (n=22), a mid group with scores between 70 and 90% (n=17), and a low group with scores below 70% (n=13). The results of all groups are summarized in Table 1 . *Unless indicated otherwise, all assignments refer to freehand sketching assignments. Students could attempt each assignment as many times as they wished and had the option to peek at a graded solution in all assignments except for 2 assessment assignments at the end of each lesson.
Since the emphasis for spatial visualization skills training is on helping students with low pre-test scores 1 , the performance of individuals from this group was investigated in more depth and results indicate a bimodal distribution. Students in this group either improved their post-test score significantly or had virtually no improvement. None of the students in this Low Pre-Test group saw mid-level improvement in their test scores. Some individual student scores dropped, Page 26.1595.7
which could indicate a large amount of guessing in the pre-and post-tests. Seven students in the Low Pre-Test group exhibited low or no improvement during the course with a range of test score improvement from -19% to 6%. Six students in the Low Pre-Test group exhibited significant improvement during the course with a range of test score improvement from 29% to 59%. The performance of each individual student in the Low Pre-Test group is shown in Table 2 along with the average and standard deviation of each sub-group. The performance metrics that were summarized in Table 1 for all students are isolated in Table 3 for students in the two Low Pre-Test sub-groups to study the difference between the students with Significant Improvement and those with No/Low Improvement. The Percent Difference between the No/Low Improvement group relative to the Significant Improvement group is shown in the last column of Table 3 . The Percent Difference values indicate metrics that have a potential to be used as an indicator to identify students at risk of not learning effectively in the course. 
Survey
On the last day of class an anonymous and voluntary survey was administered. Of the 54 students that finished the class, 45 completed the survey and 52 completed a standard university survey. Overall, 93% of the students recommended the class.
Using a scale of 1 (very unhelpful) to 10 (very helpful), students rated how useful they found certain features of the course. Table 4 shows the average rating for these features. Students rated the iPad sketching software highest with an average score of 8.7. The introductory lectures provided at the start of class were not as well received.
Table 4. Survey Response for Course Features
The short lectures at the beginning of class 6.7 The iPad sketching software 8.7 The Snap Cubes
The "Peek" option in the iPad sketching software 7.9 Using a similar rating scale, students evaluated the iPad software for a number of motivational type questions as summarized in Table 5 . Students found the SVT app easy to use, relatively fun, and found the immediate feedback provided by the grading algorithm helpful. The lowest rating was for how much the SVT App motivated them to learn more. Because sketching using a touchscreen interface such as the iPad was a new experience for most students, they were asked if they prefer iPad sketching to sketching on paper. Table 6 summarizes the results, which indicates that the majority of students found sketching on paper and the iPad about the same. There was a slight preference for paper in terms of ease of use. When asked what the best part of the course was, most students indicated the SVT App and its features. A sample of student responses is shown in Table 7 .
Table 7. Student Comments on Best Part of Course
"I found most activities engaging and fun. I love thinking in this way." "The sketching was the best part. It got me thinking and I really liked it. "Using the iPad and the drawing software" "The iPads made class seem more fun and the software was pretty cool" "Being able to use the iPad software to learn and assess my spatial visualization skills" Bring able to practice spatialization skills in an efficient manner. The iPad app really helped." "The immediate feedback of solutions" "The best aspects of this class for me was the iPad spatviz app and the brain teasers. The SpatViz app was challenging but doable, and it improved my spatial visualization skills. Likewise, the brain teasers were hard but very fun."
The student comments about areas where the course could be improved were very informative (Table 8) . Students wanted more complicated assignments and brainteasers that were linked to real world applications. They suggested starting the Tetris challenge earlier in the quarter to give them more time, and to provide more collaborative activities the allowed students to interact with each other more. Page 26.1595.10 Table 8 . Student Comments on Areas for Improvement "Sketching on the iPad could be improved. Got much much much better towards the end of the course" "I think the tetris project would be fun if we started it earlier in the quarter." "More complicated problems. More brain teasers." "This course could be improved by incorporating more collaboration between classmates! I think we should have both individual and group work so that we can build friendships with our peers and learn from each other's thinking and drawing styles." "Another improvement would be to include more feedback in the spatial visualization software. For example, if a problem was answered incorrectly, feedback might include some examples of common mistakes, examples of what to specifically visualize, etc." "This course improved if the items we were doing assignments on were more engineering-field-related.
(Meaning instead of the assortment of columns that we would sketch, how about components of frames, bearings, beams, etc.)" "This course could improve if there were more hands on pieces and problems in the class instead of only multiple choice problems and sketches. Multiple choice problems don't necessarily require the techniques we discussed in class. Sometimes you can figure it out using basic multiple choice strategies."
Discussion
A key concern in a course with a large eLearning component is the ability to engage students, and a prerequisite for engagement is to have students stay in the course and complete the assignments. In this regard, the spatial visualization course was a success. Of the students who showed up during week 2 of the quarter, 93% completed the course. This high level of retention was present even though the course was not required and there was no potential GPA benefit for taking this Pass/No Pass course. The student surveys confirmed that the students enjoyed the class, with 93% recommending the course.
Student learning gains is a critical performance measure, which was quantified by the pre-and post-spatial visualization test (shown in Table 1 ). Students who scored high on the pre-test had little room for improvement. Indeed the high group, who initially scored over 90% on the pretest saw their average score drop by 2% on the post-test. The group of students who scored in the mid level range (70%-90%) on the pre-test saw an average increase of 12%, which indicates that some spatial visualization reasoning was learned in this group. The data analysis in this paper was focused on students in the class with low spatial skills who are most at risk of dropping out of STEM majors. On average, the students with low pre-test scores (under 70%) showed an average increase of 18%. However, this average hides that fact that some students learned much more than others. As shown in Table 2 , of the 13 students in this group, seven had an actual decrease of 4%, while the other six had an increase of 43%. There were no students in this group that had mid level improvement. Thus, there was a bimodal distribution in this group where some students improved their spatial visualization skills significantly while others not at all. These results are preliminary due to the small number of students in the study, but the trends provide guidance on how to further improve the course and the SVT App.
A feature of eLearning technology and the SVT App in particular is the ability to collect large amounts of data about each student's activity, which can be used to gain insight into what correlates to effective learning. Various metrics of performance were considered, as shown in Table 2 , for all pre-test groups. All groups attempted approximately the same number of Page 26.1595.11
sketching and multiple-choice assignments. However, in metrics related to ability to solve the sketching assignments, the group with the high pre-test consistently outperformed the mid group, who consistently outperformed the low group. These results are to be expected, and provide credence to the validity of these metrics.
These same metrics were tabulated for the two sub-groups of the low pre-test group (Table 3) in an attempt to understand why one sub-group did so much better than the other sub-group. The largest difference between these sub-groups was in metrics that relate to perseverance and specifically the willingness to challenge oneself rather than peeking at the solution. The largest difference (of 74%) was observed in "Percentage Tried Again Without Peeking," which shows that when confronted with a mistake, students who attempted to solve the problem on their own learned more effectively and ultimately improved their spatial reasoning ability. In contrast, those students who peeked immediately ultimately learned much less or not at all. Other metrics that saw a large difference between these two sub-groups include "Percentage Correct on 1st Attempt (no peeking)" (50%) and "Percentage Eventually Correct Without Peeking" (48%). Interestingly, metrics relating to avoiding peeking are better predictors of improved post-test performance than metrics related to successfully completing assignments. For example, the difference between these sub-groups for "Percentage Correct on Assessment Questions" was only 25%, and the difference for "Percentage of Multiple Choice Questions Correct" was only 14%. Both sub-groups attempted approximately the same number of problems and indeed only had a difference of 10% for the metric of "Percentage Eventually Correct Including Peeking," but this just indicates that the No/Low Improvement group continued to work on problems using the peek feature until they got most of the assignments correct. While the students that peeked too frequently are active in completing the course assignments, they were not fully engaged in learning and did not challenge themselves with the course material. Thus, those students that demonstrated persistence, i.e. the ability to continue to solve a problem without the aid of peeking at the solution, were the ones that improved their post-test score.
An example of persistence can be seen in the example student sketches shown in Figure 3 . The green lines show the lines drawn that are correct, the red solid lines are incorrectly drawn lines, and the dashed red lines are missing lines. Figure 3A shows a sketch of a student who scored low on the pre-test and did not improve their post-test score. Only a few very the short lines are drawn before the student hit peek. In contrast, Figure 3B shows a sketch of a student who scored low on the pre-test, but ultimately improved their post-test significantly. The student attempted the complete sketch but made an error in one small section. 
. Amount of Effort on Initial Sketching Attempts
Since there was no GPA benefit in a pass/no pass course, and the 1-unit class did not help with graduation requirements, students enrolled in the spatial visualization class to ultimately better themselves. Students showed up week after week performing the assignments. However, while it may seem obvious that students that try harder will learn more, it did not seem like the students who did not challenge themselves recognized the ineffectiveness of their learning approach. Otherwise they would not waste their time taking the class and would have dropped out of it. Without the ability to gather statistics on non multiple-choice questions, teachers would have difficulty in identifying these students and the cause of the problem. Therefore, a potential use of the peeking metric is the ability to identify early on those students who are at risk of not learning effectively and provide them with additional one-on-one guidance. As eLearning develops, it is expected that hybrid approaches that combine some independent learning with some classroom instruction will become more prevalent. While some students will be able to learn independently, others will benefit more from in-person instruction and mentoring. Metrics that are able to identify students that need additional guidance, such as the persistence/peeking metric, are critical to the success of eLearning.
A unique aspect of the SVT App is that it includes assignments that are not multiple-choice questions, yet can be graded automatically. This is in contrast to most eLearning courses that rely exclusively on multiple-choice questions. One limitation of multiple-choice questions is that students can use process-of-elimination strategies rather than develop the skills necessary to synthesize the solution. Cohen 8 notes this limitation, and develops drawing tasks instead of multiple-choice questions for a spatial visualization study. The last student comment in Table 8 also recognized this limitation. Another limitation of multiple-choice questions is that they can only be attempted once for full effectiveness, since the problem becomes much easier when one potential answer has been eliminated. Therefore, trying a multiple-choice question over again is of limited use. However, since there are infinite different possible attempts in freehand sketching, attempting a sketching assignment multiple times is an authentic learning activity. These synthesis type questions (i.e. non multiple-choice questions) have allowed metrics related to persistence and effective learning to be identified.
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Summary
Spatial visualization training has been show to be effective in increasing GPA and retention in STEM majors, which has in turn created the need for making the material easy to teach. The unique aspect of the SVT App described in this paper is the electronic method for teaching freehand sketching, which is an important component of spatial visualization training as well as important in technical communication and creativity. The use of a touchscreen allows for automatic grading of the sketches, as well as providing guidance when requested. The eventual use of the SVT App could be in a classroom setting, used for independent learning, or part of a hybrid environment where students come to office hours as needed.
The SVT App was used in an elective 1-unit course, and 93% of the students recommended the course and stayed enrolled for the complete 10 weeks. The students' comments illustrate how they enjoyed using the iPad software and how they were able to adjust to sketching using the iPads. Among the target group of students who came into the course with low spatial visualization skills, some of the students learned a large amount with performance scores in the post-test increasing by 43%. However, other students had virtually no increase in their post-test score. The largest measured difference between these two sub-groups occurred when students were confronted with a mistake in their initial sketch attempt. Those students who did not improve their post-test scores chose to peak on all but 7% of these instances and often their initial effort was minimal with the peek being used as a crutch to quickly gain access to the solution. In contrast, the students in this sub-group who increased their scores on the post-test resisted peeking and tried to solve the problems more on their own. The difference between these two subgroups in this perseverance metric was 74%, indicating that both the learning approach and outcomes was bimodal. The increased performance correlated most strongly with perseverance than with other metrics such as performance on assessment sketching questions (25%), the percentage of sketching questions eventually answered correctly with peeking possible (10%), and performance on multiple-choice questions (14%). The perseverance metric could be used as an early indicator of students who are at risk of low performance in the course, in order to provide targeted help. It is likely that the importance of perseverance is not specific to spatial visualization, and measurement of perseverance has the potential to be used as a metric in other eLearning environments.
The question can be raised as to whether the peek option is a good feature. The student survey indicates that students value that option, and if the App is to be used independently than this feature will be essential in enabling a student to get over an instance where they are stuck. The peek may be one reason why all students completed most of the assignments and satisfaction with the course was high. Even the students who started with high spatial skills and performed well in the course used the peek option in some instances. Thus, eliminating the peek option entirely has disadvantages. A challenge remains in how to provide the peek option but encourage students to only use it when absolutely necessary. Van Den Einde et. al. 9 present a number of approaches that have been developed to address this issue. These approaches an intermediate option to receive a hint (animation) before peeking at the solutions, a point system (stars) to encourage students to try without taking hints or peeking, and the development of additional assessment questions at the end of each lesson where the hint and peek options are disabled. A Page 26.1595.14 future study with a larger number of participants is necessary to evaluate how these approaches may better manage the benefits of peeking with methods to increase learning effectiveness.
Another outcome from this study was recognizing the value of eLearning synthesis type questions that are not multiple-choice. Multiple-choice questions cannot gauge student perseverance the way questions that require synthesis of a solution can. When one combines synthesis type questions with immediate grading, students have the opportunity to challenge themselves and see if they can figure out a solution and further develop critical thinking skills. In this study the performance on multiple-choice questions was not as good a predictor of improvement on the assessment test as were metrics related to the sketching assignments. It is likely that perseverance and effective learning are critical to other eLearning environments, and it may be beneficial to develop analogous eLearning methods in other subject areas as well.
A final area for future work relates to assessment of freehand sketching ability. These skills are recognized as important for technical communication, teamwork, and creativity. Students in the class mentioned how helpful this skill was to them in other classes, including an example of sketching in calculus. Yet, the spatial visualization assessment test does not measure one's ability to sketch and communicate graphically. Assessment tools are needed to measure sketching ability so that teaching methodologies in this area can be evaluated and improved.
